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Introduction 


(This introduction is not part of IEEE Std 1538-2000, IEEE Guide for Determination of Maximum Winding Temperature 
Rise in Liquid-Filled Transformers.) 


It is required by IEEE Std C57.12.00-1993 that the hottest-spot temperature rise not exceed 80 °C. The 
hottest-spot temperature rise at rated load is a necessary parameter for determining the loading capability of 
all transformers. Since there was no approved test or calculation method to demonstrate compliance with the 
TEEE standard, an IEEE Working Group on Hottest-Spot Temperature Rise Determination in Liquid-Filled 
Transformers was formed to develop this guide. 


This guide provides information to determine the maximum (hottest-spot) temperature rise by calculation 
and testing. Modern computer technology permits calculation of hottest-spot temperature. Most manufactur- 
ers use computers for their design calculations, and it is reasonable to incorporate a thermal subroutine into 
the programs that would calculate hottest-spot temperature rises. Current personal computers have capabili- 
ties that were present only in mainframe computers decades ago. Fiber-optic temperature sensors now per- 
mit direct measurement of the temperature of a specific point. By prior analysis of the winding, the sensor 
can be placed to read the maximum winding temperature. For distribution transformers, thermal testing may 
be conducted using embedded thermocouples. 


This guide applies to liquid-filled power, network, and distribution transformers manufactured in 
accordance with IEEE Std C57.12.00-1993. Although thermal gradients may be low in properly designed 
small (10-25 kVA) distribution transformers, the thermal gradients may not be low in the wide range of 
transformers classified as distribution transformers, which may extend in range to 5000 kVA. 


JIEEE standards documents are classified as 


a) Standards: documents with mandatory requirements. 
b) Recommended practices: documents in which procedures and positions preferred by the IEEE are 
presented. 


c) Guides: documents in which alternative approaches to good practice are suggested but no clear-cut 
recommendations are made. 


This document is classified as a guide. Documents with mandatory requirements such as standards use the 
verb shall whereas the other documents use the word should. This practice is followed in this guide unless 
the requirements are mandatory in IEEE Std C57.12.00-1993. Mandatory requirements taken from 
TEEE Std C57.12.00-1993 are enclosed in quotation marks. 
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IEEE Guide for Determination of 
Maximum Winding Temperature Rise 
in Liquid-Filled Transformers 


1. Overview 


1.1 Scope 


This guide provides guidance for developing mathematical models and test programs to determine the steady 
state maximum (hottest-spot) and average winding temperature rise over ambient for all liquid-immersed 
distribution, power, network, and regulating transformers manufactured in accordance with 


IEEE Std C57.12.00-2000.! 


1.2 Purpose 


TEEE Std C57.12.00-2000, subclause 5.11.1.1, states, “the maximum (hottest-spot) winding temperature rise 
above ambient temperature shall be determined by either 


a) Direct measurement during a thermal test in accordance with IEEE Std C57.12.90-1999. A sufficient 
number of direct reading sensors should be used at expected locations of the maximum temperature 
rise as indicated by prior testing or loss and heat transfer calculations. 


b) Direct measurement on an exact duplicate transformer design per a). 


c) Calculations of the temperatures throughout each active winding and all leads. The calculation 
method shall be based on fundamental loss and heat transfer principles and substantiated by tests on 
production or prototype transformers or windings.” 


This guide describes recommendations for a manufacturer’s test program or mathematical model to demon- 
strate compliance with the above requirements. 


‘Information on references can be found in Clause 2. 
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2. References 


This guide should be used in conjunction with the following publications. When the following publications 
are superseded by an approved revision, the revision should apply. 


IEEE Std C57.12.00-2000, IEEE Standard General Requirements for Liquid-Immersed Distribution, Power, 
and Regulating Transformers eo 


TEEE Std C57.12.80-1978 (Reaff 1992), IEEE Standard Terminology for Power and Distribution 
Transformers. 


TEEE Std C57.12.90-1999, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and Regu- 
lating Transformers and IEEE Guide for Short-Circuit Testing of Distribution and Power Transformers. 


3. Definitions 


3.1 average winding temperature rise: The arithmetic difference between the average winding temperature 
and the ambient temperature as determined from the change in the ohmic resistance measured across the ter- 
minals of the winding in accordance with the test procedures specified in IEEE Std C57.12.90-1999. 


3.2 bottom-oil temperature: The temperature of the liquid as measured at an elevation below the bottom of 
the coils or in the oil flowing from the liquid cooling equipment. 


3.3 bottom-oil temperature rise: The arithmetic difference between the bottom-oil temperature and the 
ambient air temperature. 


3.4 core form transformer: A transformer in which those parts of the magnetic circuit surrounded by the 
windings have the form of legs with two common yokes. 


3.5 directed flow: Indicates that the principal part of the pumped oil from heat exchangers or radiators is 
forced to flow through the windings. 


3.6 distribution transformer: A transformer for transferring electrical energy from a primary distribution 
circuit to a secondary distribution circuit or consumer’s service circuit. 


3.7 flow direction: A pattern of flow in disc or helical windings caused by alternately blocking the vertical 
ducts inside and outside the winding to cause the liquid to flow in a zigzag pattern. This construction is used 
with either directed or non-directed flow transformers. 


3.8 H-factor: A dimensionless number for predicting the maximum winding temperature rise over fluid due 
to increased eddy losses and other factors at the winding hottest-spot location. 


3.9 hot-spot: A nonrecommended abbreviated term frequently used as a synonym for the maximum or hot- 
test-spot temperature rise of a winding. 


3.10 maximum (hottest-spot) winding temperature: The maximum or hottest temperature of the current 
carrying components of a transformer winding and leads in contact with insulation or insulating fluid. The 
hottest-spot temperature is a naturally occurring phenomena due to the generation of losses and the 
heat-transfer phenomena. It is the highest temperature inside the transformer winding and leads and is 


2TEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway, 
NJ 08855-1331, USA (http://standards .ieee.org/). 
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greater than the measured average winding temperature. All transformers have a maximum (hottest-spot) 
winding temperature. 


NOTE-—In this guide the hottest-spot rise is not considered to be due to localized manufacturing defects. Defects 
that affect long term performance or cause the hottest-spot rise to exceed the limits set in IEEE Std 
C57.12.00-2000 should be corrected. 


3.11 maximum (hottest-spot) winding temperature rise: The arithmetic difference between maximum 
(hottest-spot) winding temperature and the ambient temperature. 


3.12 network transformer: A transformer designed for use in a vault to feed a variable capacity system of 
interconnected secondaries. A network transformer may be of the submersible or of the vault type. 


3.13 nondirected flow: Indicates that the pumped fluid from the heat exchangers or radiators flows freely 
inside the tank, and is not forced to flow through the windings. 


3.14 oil: A shortened term for mineral oil that is a specially refined mineral-oil for use as an insulating liquid 
and coolant in transformers. For the purposes of this document, when terms such as “top oil rise” are used, 
“oil” should be considered synonymous with “fluid” since fluids other than mineral oil are used. See 
IEEE Std C57.12.00-2000. 


3.15 power transformer: A transformer that transfers electric energy in any part of the circuit between the 
generator and the distribution primary circuits. 


3.16 prototype transformer: A transformer manufactured primarily to obtain engineering data or evaluate 
manufacturing or design feasibility. Prototypes may be preproduction units or units typical of current 
designs manufactured for test purposes to obtain data to comply with changes in industry standards or for 
other reasons. 


3.17 radiator: A fluid to air heat exchanging device attached to a transformer for the purpose of exchanging 
heat from the transformer fluid to the ambient air. 


3.18 shell-form transformer: A transformer in which the laminations constituting the iron core surround 
the windings and usually enclose the greater part of them. 


3.19 temperature rise: The difference between the temperature of the part under consideration (commonly 
the “average winding rise” or the “maximum (hottest-spot) winding temperature rise”) and the ambient 
temperature. 

3.20 top-oil rise: See: top-oil temperature rise. 

3.21 top-oil temperature: The temperature of the top layer of the insulating fluid in a transformer, represen- 
tative of the temperature of the top fluid in the cooling flow stream, generally measured 50 mm below the 


surface of the fluid. 


3.22 top-oil temperature rise: The arithmetic difference between the top fluid temperature and the ambient 
temperature. Syn: top-oil rise 
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4. Test methods 


4.1 Direct measurement by fiber optic detectors 


Fiber optic temperature detectors may be used to measure temperatures in power transformers. The probes 
may be removed or remain in the transformer winding for measurement of temperatures under operating 
conditions. Experience and data using fiber optic probes is given in the references of Annex A. Proper choice 
of the installation locations is crucial to accurately determining the hottest-spot temperature. The probable 
location of the hottest-spot should be determined by analysis of the eddy loss distribution, the oil flow 
distribution, and the heat transfer characteristics of the winding. Redundant sensors should be used at the 
expected hottest-spot location. A CIGRE survey [B16] reported that two to eight sensors would be adequate 
if placed in the winding where the higher temperature is expected, but for prototype transformers it was 
estimated that 20 to 30 sensors would be required. Some researchers have attempted to measure the 
temperature of the fluid in the winding ducts using fiber optic sensors. It is difficult to obtain a true 
measurement of the winding duct fluid temperature, and it is recommended that all probes be placed within 
the winding when a limited number of probes are available. The number of probes and strategic locations 
should be agreed upon between the purchaser and seller before the transformer is manufactured. 


Thermal tests may be conducted at rated load in accordance with IEEE Std C57.12.90-1999. The thermal 
data may be used to verify the hottest-spot temperature performance for a specific design and to verify ther- 
mal models to be used for other designs. Data from tests at loads above and below rating will further assist in 
the development of thermal models to predict performance of other designs. 


4.2 Direct measurement by thermocouples 


For distribution transformers, it is feasible to install thermocouples in windings of prototype or actual 
transformer designs. If the thermal tests are conducted using the “short-circuit method,” the test voltage is 
usually less than 1000 V. Thermocouples can also be used on some distribution transformer designs when 
using the “loading back method,’ which applies rated voltage. The thermocouple measuring junction is 
insulated with a thin piece of insulation and inserted between winding turns or layers. Thermocouples 
should be of a small size to minimize conduction errors and the build of the windings. Thermocouple 
diameters of 1 mm-—2.5 mm are recommended. Due to the low cost of the thermocouples, it is practical to 
install a large quantity in the winding during the coil winding process. For three-phase transformers or 
two-legged single-phase units, temperature variations between winding phases or coils are considered 
minimal. Thus, all the thermocouples may be installed in one winding or coil assembly consisting of primary 
and secondary windings. The major consideration is that the thermocouples may alter the build of the 
winding. To assist in development of a mathematical model, thermocouples should be installed to determine 
temperature variations in circumferential and vertical directions as well as layer to layer. 


Tests should include loads above and below rating to obtain useful data for refining the mathematical model 
and to predict the thermal performance of other designs. 


For studies of core loss effects, it is necessary to perform thermal tests by the loading back method with full 
voltage on the unit. For this reason, it is usually feasible to install thermocouples in only the lower voltage 
winding, which is usually next to the core. 


Due to the voltage hazard, the thermocouples must not remain if the transformer is placed in service. For 
small transformers, the test transformers are scrapped. For larger units, the windings with the thermocouples 
may be replaced, and after normal production tests in accordance with IEEE Std C57.12.90-1999, the 
transformer may be placed in service. 
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4.3 Prototype test data 


During thermal tests on a prototype transformer, the hottest-spot rise may exceed the required value at the 
rated kVA set for the prototype. The thermal program should be refined based on the prototype data, and pro- 
duction transformer designs are then based on the refined program. Usually, additional thermal testing using 
thermocouples or fiber optic sensors in another prototype is not needed. 


4.4 Test windings 


Test windings may be used to obtain data on large power transformers or distribution transformers. See 
Pierce [B10] for an example. The windings are wound in a noninductive manner so that normal transformer 
operating voltage is not present. Laboratory or shop power supplies may be used in combination with a 
transformer to obtain the necessary current. In addition, the winding wire size, material, and number of turns 
are designed to give the required heat to conduct the thermal tests. The considerations for number of thermo- 
couples, location, and size discussed in 4.2 are also applicable for tests conducted on test windings. 


Thermal testing conducted under laboratory conditions using test windings gives useful data on the heat 
transfer characteristics. However, with the noninductive winding, the only eddy losses present are skin effect 
losses which are extremely small at 60 Hz. Thus, thermal tests using test windings do not simulate the 
additional losses due to high eddy losses in the ends of the windings of large power transformers. These 
additional eddy losses should be considered in the final mathematical model. 


5. Mathematical models to predict temperature distributions and 
hottest-spot rises 


5.1 Fundamentals 


This clause describes recommendations for a manufacturer’s thermal model to demonstrate compliance with 
the hottest-spot temperature rise limits. The manufacturer should utilize a proven thermal model to locate 
and calculate the hottest-spot temperature rise in each active winding, and all leads, under rated conditions. 
The calculation of the hottest-spot temperature rise, using a model that meets the recommendations of this 
guide should be based on the detailed design knowledge available to the manufacturer. In each case, it is 
imperative that the manufacturer have data readily available to demonstrate that the calculated values are 
supported by experimental testing. As required by IEEE Std C57.12.00-2000, “the model shall be based on 
fundamental loss and heat transfer principles..”’ The mathematical model should consider the dimensions of 
all components affecting the losses and heat transfer. General allowances for each element of the hot spot 
model are not adequate. 


The mathematical model should consider 


a) Heat transfer in and from the radiators or heat exchangers and its effect on fluid temperature rise. 
b) The fluid flow within the winding ducts. 

c) Fluid flow interactions with radiators and winding. 

d) The distribution of losses within the winding. 


e) Conduction heat transfer effects within the winding caused by different insulation sizes and the 
length of the electrical conductors forming the winding. 
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5.2 Radiator or heat exchanger heat transfer 


The heat transfer and fluid flow within the radiators, heat exchanger, and tank should be considered to deter- 
mine the average fluid rise over ambient. Radiation and convection heat transfer should also be considered. 
The number of radiators, heat exchangers, fans, and pumps should be considered. The effect of quantity of 
radiators, fans, and heat exchanger may be determined by thermal tests on transformers with different 
arrangements and the data correlated. The overall performance, which determines the average fluid tempera- 
ture rise, is the important factor. Calculation of flow rates within each individual heat exchanger is not 
required since the temperature distribution within the heat exchanger is not critical for determining the wind- 
ing temperatures. These factors may be of consideration to a manufacturer wishing to improve the thermal 
performance of the heat exchanger. 


Consideration of the overall friction and pressure drop effects is important for determining the overall flow 
rate and thus the top and bottom fluid temperature rise. 


5.3 Fluid flow within the winding 


Conductors surrounded by fluid at the top fluid temperature will have elevated temperatures. An accurate 
method of calculating the temperature of the fluid throughout the winding is essential to determining the 
hottest-spot temperature. The heat transfer, flow rates, and resulting fluid temperature should be modeled for 
each cooling duct. These calculations should account for fluid flow through parallel paths, or through 
separate ducts, which join for the local heat transfer rate and the adjacent conductor temperature. The 
program should consider the quantity, location, and size of the cooling ducts and fluid properties. 


5.4 Fluid flow between heat exchangers and winding 


At steady state, the overall fluid flow through the winding ducts and the outside of the winding equals the 
fluid flow through the radiators and down the inside tank wall. This flow determines the top and bottom fluid 
rise and should be considered in the thermal model. 


5.5 Loss distribution 


The analysis should account for the nonuniform distribution of losses within the winding due to eddy loss 
and temperature variations. One of the principal causes of extra local loss in the winding conductors is radial 
flux eddy loss at the winding ends, where the electromagnetic field intercepts the wide dimension of the 
conductors. The total losses in the subject conductors should be determined using the eddy and circulating 
current losses in addition to the dc resistance loss. Leakage field analysis may be used to determine the 
magnitude of the flux and the resulting losses. Connections that are subject to leakage flux heating, such as 
coil-to-coil connections and some tap-to-winding brazes, should also be considered. 


5.6 Conduction heat transfer 


The analysis should account for the conduction heat transfer effect of conductor size, length, and the various 
insulation thickness used throughout the winding. 


5.7 Considerations for core-form power transformers 
Core-form power transformers utilize round windings of the layer or disc type as illustrated in Figure 1. In 


addition to the factors listed in 5.1—5.6, factors specific to these winding types are described in the following 
subclauses. 
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(D) 


(E) 


Figure 1—Winding arrangements for core-form power transformers 


5.7.1 Layer type windings 


IEEE 
Std 1538-2000 


The layer type winding illustrated in Figure 1, part (A) consists of turns of wire wound in multiple layers 
with vertical cooling ducts. Compared with the disc type windings in Figure 1, parts (B) through (BE), this 
winding is simpler to analyze. In addition to variables listed in 5.1-5.6, other factors to consider are 


a) Flowrates in multiple cooling ducts. 


b) Multiple layers and multiple cooling ducts that affect the heat flux into each cooling duct. The heat 
flux from one side of the cooling duct may be different from the other side. 
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c) Layer insulation may be a different thickness throughout the winding. 


d) Insulation next to the cooling duct affects the heat transfer. 
5.7.2 Disc winding without flow direction 


A section of a simple disc winding without flow direction is illustrated in Figure 1, part (B). This winding is 
used in nondirected flow transformers, where the fluid is not forced to flow through the winding. Pumps may 
be used to circulate the fluid through the tank and heat exchangers lowering the top fluid temperature in the 
tank. This also affects the flow rate through the vertical ducts of the winding. The fluid flows through the 
winding by natural convection. The fluid flow is principally through the vertical ducts with no particular ten- 
dency to flow through the horizontal ducts. Slight dimensional variations in the disc sections tend to cause 
some horizontal fluid flow which is different across each section. Temperature profiles for this configuration 
are shown in Pierce [B10]. The analysis should take into account fluid flow patterns that result in reduced 
flow or complete stagnation in some regions. Because of the random nature of the flow, this winding is the 
most difficult to analyze. 


5.7.3 Disc winding with flow direction 


To cause flow across the horizontal sections, flow diverting washers or barriers are introduced into the 
vertical duct to cause the flow to be in a zigzag fashion up the winding. Flow direction within the winding is 
commonly used on transformers with directed flow and is also used on transformers with nondirected flow. 
Different schemes are used to introduce the zigzag flow. Some of these schemes are illustrated in Figure 1, 
parts (C), (D), and (E). There are variations of these schemes and partial flow diversion has been considered. 


In the arrangement of Figure |, part (C) the flow directing barriers are attached to the end strands of the disc 
section. The loss of the vertical cooling surface for the disc sections with the barrier should be considered. 
Flow directing washers with cooling ducts above and below the washer may also be used as shown in 
Figure 1, part (D). Another scheme is illustrated in Figure 1, part (E) where the distance between all disc sec- 
tions is the same and the flow directing washer is installed in the space between disc sections. The flow 
directing washer blankets the surface of the conductor and restricts the heat transfer into the fluid and raises 
the local temperature of the winding conductor. The thermal model should account for this localized heating. 


For all these schemes the fluid flow velocity is different between the various disc sections and should be con- 
sidered. Examples of temperature and velocity profiles are given in Oliver [B62]. 


5.7.4 Other considerations for power transformers 


Local flow restrictions should be considered. Even windings with flow direction may have some local flow 
restrictions. Regions where leads exit the windings through end blocks should be investigated. The analysis 
should account for added tape where conductors exit windings; added tape and barriers on leads outside the 
windings near ground, or through a bushing; extra conductor insulation on end turns; and areas covered by 
insulation board. Winding conductors exiting through the end insulation may have extra insulation. 


5.8 Considerations for distribution and small power transformers 


Distribution and small power transformers usually utilize rectangular windings. Some manufacturers may 
use circular coils for select designs. Fluids other than mineral oil are also used. To minimize the amount of 
material used and to improve short-circuit strength, the layer insulation contains an adhesive. The portion of 
the windings under the core iron are pressed and baked to bond the adhesive to the coil conductor and layer 
insulation. Cooling duct arrangements may differ from power transformers in that not all ducts extend com- 
pletely around the winding. Some cooling ducts are located only in the portion of the winding outside the 
core iron typically referred to as “end ducting.” For this reason, some refer to this winding as a “collapsed 
duct rectangular winding.” To reduce the hottest-spot temperature, some transformers may contain a few 
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ducts (termed annular ducts) that extend completely around the winding. For these annular ducts to be effec- 
tive, allowance must be made for fluid to enter and exit the portion of the duct under the core iron. 


A quarter section of a winding is illustrated in Figure 2. The winding may consist of a secondary and pri- 
mary coil assembly. For small distribution transformers, the winding arrangement may consist of an inner 
secondary winding, primary winding, and an outer secondary winding. The windings are wound tightly over 
each other with insulation between the windings, although ducts are sometimes used between windings. The 
space between the inner secondary winding and the core is small and the insulation under the winding may 
be in contact with the core. The adjacent windings of three-phase units or two-legged single-phase units usu- 
ally touch and may contact the outer core legs of shell type or three-phase five-legged core-type units. Cores 
may be either stacked or wound. 


The collapsed duct arrangement causes a circumferential temperature gradient from the center of the wind- 
ing with no ducts under the core iron to the center of the winding outside core iron where cooling ducts are 
located. In addition, thermal gradients are present between layers. The vertical temperature gradient is due to 
the oil flow within the cooling ducts and the outer surface of the windings. 


COILS COILS 
| UNDER IRON OUTSIDE IRON 


Lid 
DUCTS 


Figure 2— Quarter section of rectangular winding 


The following factors should be considered in a winding heat transfer model for distribution or small power 
transformers: 


a) Fluid properties (i.e., viscosity, thermal conductivity, coefficient of thermal expansion, density, and 
specific heat). 
b) Quantity, location, and size of cooling ducts. 


c) Heat flux from each side of the cooling duct is different. The heat flux also varies with the particular 
cooling duct and varies circumferentially along a given duct. 


d) Heat flow across layers should be considered. Layer insulation thicknesses may vary throughout the 
winding. 


e) Circumferential heat flow from the portion of the winding under core iron to the portion of the wind- 
ing outside core iron should be considered. 
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f) Heat flow between the various windings and the core occur and should be considered. 


g) An accurate determination of the dimensions of the various parts of the winding is important to pre- 
dict temperature rises. To properly allow for conduction heat transfer and loss generation, it is of 
particular importance to determine the dimensions of the parts of the winding where cooling ducts 
are not present. Dimensions of the parts of the winding where cooling ducts are located can be easily 
determined from the dimensions of the cooling duct assemblies. 


h) Layers and turns in the tapped-out parts should be considered. 


6. Determination of hottest-spot rise from production thermal tests without 
direct measurement of hottest-spot temperature 


Thermal tests are usually performed without direct measurement of the hottest-spot rise. There are no meth- 
ods or equations to obtain hottest-spot rise from measurements of fluid temperatures and average winding 
temperature rise by resistance during standard commercial tests in accordance with IEEE Std 
C57.12.90-1999. The manufacturer’s thermal model and test data using direct measurement on other units 
may be used to determine the hottest-spot rise from the production thermal test data. 


The thermal test data may be used to determine the hottest-spot rise by means of the following equations. 


2 AOy, «-AOro,« (1) 

AOy, «-AO x0, « 

Nene A®ro,r + AOz0,1 (2) 
: 2 

AO, = AOro,7 + H[AOy, 7- AO 40,7] (3) 

where 

el is a dimensionless factor whose value is greater than 1.0 

A®@yo,r _ is average fluid rise over ambient for the unit tested, °C 

A®@yg* — is average fluid rise over ambient determined by analysis or from tests on similar units, °C 

AOzo,r is bottom fluid rise over ambient for the unit tested, °C 

A®@go,« _ is bottom fluid rise over ambient determined by analysis or from tests on similar units, °C 

AOy is winding hottest-spot rise over ambient, °C 

AO * is winding hottest-spot rise over ambient determined by analysis or from tests on similar 

units, °C 

A®©zo,7 _ is top fluid rise over ambient for the unit tested, °C 

AOzo,« _ is top fluid rise over ambient determined by analysis or from tests on similar units, °C 

A@wr _ is average winding rise over ambient for the unit tested, °C 

AOw« is average winding rise over ambient determined by analysis or from tests on similar units, °C 
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Errors in prior testing using direct measurement of hottest spot can lead to erroneous values of the H-factor. 
An error on the low side of the average winding rise gradient with an accurate hottest-spot value gives a high 
value of the H-factor. A measurement error on the low side for the hottest-spot gradient and an accurate 
value of the average winding gradient gives a low value of the H-factor. Hottest-spot temperature rise 
measurements less than the average winding rise have been reported with fiber optic detectors. Care should 
be exercised to correctly measure hottest-spot rise. 


Many factors influence the ratio of hottest-spot rise to average winding rise. Many of these factors are 
described in this guide. By using a combination of mathematical analysis combined with testing using 
embedded detectors, a manufacturer may develop H-factors for different designs. 


This should be acceptable if the H-factor for a specific design is based on the manufacturer’s experience 
from analysis and tests on past designs. It is the manufacturer’s responsibility to choose the correct H-factor. 
Statistical analysis of a number of analyses and tests might be used. The choice of an unrealistic high value 
penalizes the user in determining loading capability. Unrealistic low values should also be avoided. A dis- 
cussion of the variation of the H-factor is given in Annex C. 


7. Documentation and acceptance criteria 


IEEE Std C57.12.00-2000, subclause 5.11.1.1, states, “The maximum (hottest-spot) winding temperature 
rise above ambient shall be included on the test report with the other temperature rise data. A note shall 
indicate which of the above methods was used to determine the value.” The “above methods” are also listed 
in 1.2 of this guide. When direct measurements of hottest-spot temperatures are not performed, the 
manufacturer’s thermal model and/or prior tests should be the only criteria to determine the hottest-spot rise. 
Other methods should only be used by agreement between the manufacturer and purchaser in the purchasing 
contract. 


A detailed report of calculations should not be required to be submitted with the test report. It is expected 
that manufacturers will incorporate the thermal model as a subroutine in their computer design programs. 
Some manufacturers may choose as an option to supply additional information from the computer subrou- 
tine to further substantiate their performance claims. 


Reports describing the manufacturer’s thermal program and tests are highly proprietary. Summary reports 


describing the thermal model and a comparison of the predictions vs. test results should be available for 
review at the manufacturer’s plant or at another location by prior agreement. 
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Annex A 


(informative) 


Bibliography on experimental testing to predict or confirm 
transformer thermal performance 


Information on experimental apparatus, procedures, and test data is also given in [B43], [B44], [B45], [B46], 
[B51], [B56], [B65], [B67], [B68], [B70], [B72], [B74], and [B75] of Annex B. This bibliography is divided 
into two parts, as follows: 


a) Thermal testing by methods other than fiber optics 


b) Testing by methods using fiber optic temperature detectors 


A.1 Testing by methods other than fiber optics 


[B1] Aubin, J., Bergeron, R., and Morin, R., “Distribution transformer overloading capability under cold 
load pickup conditions,” IEEE Trans. Power Delivery, vol. 5, pp. 1883-1890, Nov. 1990. 


[B2] Aubin, J. and Yanghame, Y., “Effect of oil viscosity on transformer loading capability at low ambient 
temperatures,’ IEEE Trans. Power Delivery, vol. 7, no. 2, pp. 516-522, Apr. 1992. 


[B3] Douglas, D.H., Lawrence, C.O., and Templeton, J.B., “Factory overload testing of large power trans- 
formers,’ IEEE Trans. Apparatus and Systems, vol. PAS-104, no. 9, pp. 2492-2500, Sept. 1985. 


[B4] Godec, Z., and Sarunac, R., “Steady-state temperature rises of ONAN/ONAF/ONAF transformers,” 
IEE Proc.-C, vol. 135, no. 5, pp. 448-454, Sept. 1992. 


[B5] Kunes, J. J., “Characteristics of thermosiphon flow in a model transformer oil circuit,’ Part III, Power 
Apparatus and Systems, Trans. AIEE, vol. 77, no. 39, pp. 973-977, Dec. 1958. 


[B6] Kurita, S. A., and K. Okuyama, “Practical performance test on 275 kV 680 MVA transformer,” Hitachi 
Review, vol. 25, no. 10, pp. 329-334, 1976. 


[B7] Lampe, W., “Power transformers and shunt reactors for arctic regions,’ IEEE Trans. Power Del., 
vol. PWRD-1, no. 1, pp. 217-224, Jan. 1986. 


[B8] Northrup, S. D., and Thompson, M.A., “Cold start performance of transformers filled with high molec- 
ular weight hydrocarbon liquid?’ IEEE Trans. Power Apparatus and Systems, vol. PAS-103, no. 11, 
pp. 3373-3378, Nov. 1984. 


[B9] Pierce, L. W., “An investigation of the temperature distribution in cast-resin transformer windings,” 
IEEE Trans. Power Delivery, vol. 7, no. 2, pp. 920-926, April 1992. 


[B10] Pierce, L. W., “An investigation of the thermal performance of an oil-filled transformer winding,” 
IEEE Trans. Power Delivery, vol. 7, no. 3, pp. 1347-1358, July 1992. 


[B11] Pierce, L. W., “Hottest-spot temperatures in ventilated dry-type transformers,’ IEEE Trans. Power 
Delivery, vol. 9, no. 1, pp. 257—264, Jan. 1994. 
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[B12] Stewart, H. C., and Whitman, L. C., “Hot spot temperatures in dry-type transformer windings,” AIEE 
Trans., vol. 63, pp. 763-768, Oct. 1944. 


[B13] Taylor, E. D., Berger, B., and Western, B. E., “An experimental approach to the cooling of transformer 
coils by natural convection,’ Proc. IEE, vol. 105A, pp. 141-152, 1958. 


A.2 Thermal test methods using fiber optic temperature detectors 


[B14] CIGRE, “Group 12 (Transformers Discussion),” Proc. 29th Session, pp.33-37, 1982. 
[B15] CIGRE, “Group 12 Discussion,’ Proc. 30th Session, pp. 1-12, 1984. 


[B16] CIGRE Working Group 09 of Study Committee 12, “Direct measurement of the hot-spot temperature 
of transformers,’ CIGRE Electra, No. 129, pp. 47-51, Mar. 1990. 


[B17] Cosaert, F., Goosens, J., Platteau, C., Leemans, P., and Moulaert, G., “Dynamic analysis of thermal 
behavior of transformers using optical fibre measurements,’ CIGRE Paper 12-305, 1992. 


[B18] Goto, K., Tsukioka, H., and Mori, E., “Measurement of winding temperature of power transformers 
and diagnosis of ageing deterioration by detection of CO, and CO,” CIGRE Paper 12-102, 1990. 


[B19] Hampton, B. F., Medhurst, D. R., Rogers, A. J., Woolard, M. E., and Stinton, C. C., “The measure- 
ment of transformer winding temperature ;’ CIGRE Paper 12-02, 1982. 


[B20] Lampe, W., Pettersson, L., Ovren, C., and Wahlstrom, B., “Hot-spot measurements in power trans- 
formers,’ CIGRE Paper 12-02, 1984. 


[B21] Lindgren, S. R., Addis, G. I., Nilsson, S. L., and Petrie, E. M., “Determination of reliable transformer 
capacity through direct hot spot temperature measurement and safe thermal loading limits?’ CIGRE Paper 
12-104, 1990. 


[B22] McNutt, W. J., McIver, J. C., Snow, R. V. and Fallon, D. J., “Transformer loading capability informa- 
tion derived from winding hot spot measurements,” CIGRE Paper 12-08, 1984. 


[B23] McNutt, W. J., McIver, J. C., Fallon, D. J., and Wickersheim, K. A., “Direct measurement of trans- 
former winding hot spot temperature,’ IEEE Trans. Power Apparatus and Systems, vol. PAS-103, no. 6, 
pp.1155-1162, June 1984. 


[B24] Nordman, H., Hironniemi, E., and Pesonen, A. J., “Determination of hot-spot temperature rise at rated 
load and at overload,” CIGRE Paper 12-103, 1990. 


[B25] Norton, E. T., and Wickersheim, K. A., “Improved fiberoptic temperature measurement systems for 
monitoring winding temperatures in medium and large transformers,’ IEEE Trans. Power Del. vol. 
PWRD-2, no. 3, pp. 831-835, July 1987. 


[B26] Poittevin, J., Samat, J., Henneblque, I., and Tanguy, A., “Direct fibre-optic hot-spot temperature mea- 
surement in an operating transformer,’ CIGRE Paper 12-106, 1990. 


[B27] Thaden, M. V., Mehta, S., P., Tuli, S. C., and Grubb, R. L., “Temperature rise tests on a forced-oil-air 
cooled (FOA) (OFAF) core-form transformer, including loading beyond nameplate,’ IEEE Trans. Power 
Del., vol. 10, no. 2, pp. 913-919, April 1995. 


[B28] Troisi, J. F., “Experience with fiber optic hot-spot sensor in 450 MVA SMIT autotransformer,” Proc. 
1992 Doble Conference. 
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[B29] White, A., Daniels, M. R., Bibby, G., and Fisher, S., “Thermal assessment of transformers,’ CIGRE 
Paper 12-105, 1990. 


[B30] Zodeh, O. M., and Whearty, R. J., “Thermal characteristics of a meta-aramid and cellulose insulated 
transformer at loads beyond nameplate,” IEEE Trans. Power Del., vol. 12, no. 1, pp. 234-245, Jan. 1997. 
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Annex B 


(informative) 


Bibliography on modeling of transformer thermal performance 


This bibliography was compiled to assist in development of mathematical models to predict the thermal per- 
formance of transformers. Finite difference methods are described in many sources on heat transfer. The 
book by Thomas [B33] is a modern reference. Schenck [B31] is listed because implementation in computer 
programs is described. The references on conduction analysis have limited application for large distribution 
or power transformers. They could be useful for very small transformers and were listed to give a compre- 
hensive bibliography. References on mathematical modeling of other than liquid filled transformers were 
included because the techniques could be applicable to all types of transformers. These references may also 
include experimental methods. References on modeling of transformers cooled by two phase flow were not 
included because of the uniqueness of the heat transfer mechanism. 


B.1 Finite difference methods 
[B31] Schenck, H., Jr., Fortran Methods in Heat Flow, New York: Ronald Press Company, pp. 1-92, 1963. 


[B32] Schneider, P.J., “Temperature fields in electrical coils: Numerical solutions?’ AIEE Trans. Communi- 
cations and Electronics, pp. 768-771, Jan. 1954. 


[B33] Thomas, L. C., Heat Transfer Professional Version, Englewood Cliffs, NJ: Prentice Hall, 1993, 
pp. 171-231, 976. 


B.2 Conduction analysis 


[B34] Cooper, H. F., “Transient and steady state temperature distribution in foil wound solenoids and other 
electric apparatus of rectangular cross section,’ 1965 IEEE International Convention Record, Part 10, 
pp. 67-75, March 1965. 


[B35] Cooper, H. F., Jr., “Joulean heating of an infinite rectangular rod with orthotropic thermal properties,” 
ASME J. Heat Transfer, vol. 89, no. 1, pp. 39-43, Feb. 1967. 


[B36] Higgins, T. J., “Formulas for calculating the temperature distribution in electrical coils of general rect- 
angular cross section,’ ASME Trans., pp. 665-670, 1944. 


[B37] Higgins, T. J., “Formulas for calculating temperature distribution in transformer cores and other elec- 
trical apparatus of rectangular cross section,’ AIEFE Trans. Elec. Eng., vol. 64, pp. 190-194, Apr. 1945. 


[B38] Higgins, T. J., “Temperature distribution in toroidal electrical coils of rectangular cross section,” Jour- 
nal of Franklin Institute, vol. 240, pp. 97-112, Aug. 1945. 


[B39] Jakob, M., “Influence of nonuniform development of heat upon the temperature distribution in electri- 
cal coils and similar heat sources of similar form,’ ASME Trans., pp. 593-605, 1943. 


[B40] Kofman, L. B., “The two dimensional temperature fields in the winding of a low power transformer in 


a steady state thermal mode,’ The Academy of Sciences of the USSR, Power Engineering, vol 15, no. 1, 
pp. 132-138, 1977. 
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B.3 Liquid-immersed transformers 


[B41] Allen, P. H. G., and Allan, D. J., “Layer-type transformer winding cooling factors derived from ana- 
logue solution of governing equations,” Proc. IEE, vol. 110, no. 3, pp. 523-534, Mar. 1963. 


[B42] Allen, P. H. G., and Allan, D. J., “The solution of a complex thermal problem by hybrid computation,” 
Proc. 4th International Analogue computation Meeting, Brighton, England, pp. 500-505, 1964. 


[B43] Allen, P. H. G., and Childs, E. D., “Conjugated heat transfer in disc type power transformer wind- 
ings,” Proc. 8th Int. Heat Transfer Conf., vol. 6, pp. 2977-2982, 1986. 


[B44] Allen, P.H. G., and Finn, A. H., “Transformer winding thermal design by computer,’ IEE Conference 
Publication, no. 51, pp. 589-599, 1969. 


[B45] Allen, P. H. G., Szpiro, O., and Campero, E., “Thermal analysis of power transformer windings,” 
Electric Machines and Electromechanics, vol. 6, pp. 1-11, 1981. 


[B46] Burton, P. J., Graham, J., and Hall, A. C., “Recent developments by CEGB to improve the prediction 
and monitoring of transformer performance,’ CIGRE Paper 12-09, 1984. 


[B47] Childs, E. P., “Flow maldistribution in disc-type power transformer windings,” in Maldistribution of 
Flow and Its Effect on Heat Exchanger Performance, presented at 24th National Heat Transfer Conf. and 
Exhibition, 9-12 Aug. 1997, Pittsburgh, Pa., ASME HTD, vol. 75, pp. 137-143. 


[B48] Declercq, J., and Van der Veken, W., “Accurate hot spot modeling in a power transformer leading to 
improved design and performance,’ Proc. 1999 IEEE/PES Transmission and Distribution Conference, 
11-17 April 1999, New Orleans, La. 


[B49] Del Vecchio, R. M., and Feghali, P., “Thermal model of a disc coil with directed oil flow,” Proc. 1999 
IEEE/PES Transmission and Distribution Conference, 11-17 April 1999, New Orleans, La. 


[B50] Eastgate, C., “Simplified steady state thermal calculations for naturally cooled transformers,’ IEE 
Proc., vol. 112, no. 6, pp. 1127-1134, June 1965. 


[B51] Grub, R. L., Hudis, M., Traut, A. R., “A transformer thermal duct study of various insulating fluids,” 
IEEE Trans. Power Apparatus and Systems, vol. PAS-100, no. 2, pp. 466-473, Feb. 1981. 


[B52] Imre, L., “Determination of the steady state temperature distribution of transformer windings by the 
heat flux network method,” Perodica Polytechnica, Electrical Engineering, vol. 20, pp. 461-471, 1976. 


[B53] Imre, L., Bitai, A., and Csenyi, P., “The role of the characteristic parameters in the warming of oil 
transformers,’ Perodica Polytechnica, Electrical Engineering, vol. 23, pp. 293-300, 1979. 


[B54] Imre, L., Bitai, A., and Csenyi, P., “Parameter sensitivity investigations of the warming of oil trans- 
formers,” Proc. First International Conf. Numerical Methods in Thermal Problems, pp. 850-858, 
2-6 July 1979. 


[B55] Imre, L., Bitai, A. and Csenyi, P., “Thermal transient analysis of OFAF transformers by numerical 
methods,” Proc. 2nd. International Conf. On Numerical Methods In Thermal Problems, Venice, Italy, pp. 
899-901, 7-10 July 1981. 


[B56] Imre, L., Bitai, B., and Palkovics, S., “Heat transfer and flow characteristics of large oil transformer 
windings,” Proc. Eighth Int. Heat Transfer Conf., San Francisco, vol. 6, pp. 2989-2994, Aug. 1986. 
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[B57] Imre, L., Szabo, I., and Bitai, A., “Determination of the steady state temperature field in naturally oil 
cooled disc type transformers,’ Int. Heat And Mass Transfer Conf., Toronto, Ontario, Canada, vol. 2, 
pp. 123-128, 1978. 


[B58] Kiss, L., Szita, I., and Ujhazy, G., “Some characteristic design problems of large power transformers,” 
CIGRE Paper 12-07, 1974. 


[B59] Kiss, L., “Temperature rise and cooling of transformers,’ Chapter 6 of Large Power Transformers, 
K. Karsai, D. Kerenyi, and L. Kiss, New York: Elsevier, pp. 351-535, 1987. 


[B60] Mikhailovsky, Y.A., Shvidler, A. B., Tarle, G. E., Tchornogotsky, V. M., Voevodin, I. D., and Lyublin, 
I. S., “Methods of temperature rise calculation of power transformer windings,’ CIGRE Paper 12-16, 1984. 


[B61] Muur, S., “On the modes of oil flow in self cooled transformers and the associated temperature distri- 
butions,’ CIGRE Paper, No.125, vol. II, 1962. 


[B62] Oliver, A. J., “Estimation of transformer winding temperatures and coolant flows using a general net- 
work method,” IEE Proc. vol. 127, pt. C, no. 6, pp. 395-405, Nov. 1980. 


[B63] Pierce, L. W., and Holifield, T., “A thermal model for optimized distribution and small power trans- 
former design,’ Proc. 1999 IEEE/PES Transmission and Distribution Conference, New Orleans, La., pp. 
925-930, 11-17 April 1999. 


[B64] Pivrnec, M., Allen, P. H. G., and Havlicek, K., “Calculation of the forced directed oil-circulation rate 
through a transformer cooling system,” IEE Proc., vol. 134 pt. C, no. 4, pp. 306-312, July 1987. 


[B65] Preiningerova, V., Kahoun, V., and Dolezel, I., “Thermal analysis of large oil-immersed transformer 
windings,” Electrical Machines and Power Systems, vol. 8, no. 2, pp. 89-102, Mar.—Apr. 1983. 


[B66] Preiningerova, V., and Korinek, S., “Digital computation of heat transfer in layer-type transformer 
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Annex C 


(informative) 


Determination of hottest-spot rise from tests without direct 
measurement 


C.1 Introduction 


It would be desirable if the hottest-spot rise could be determined from measurements of fluid temperatures 
and average winding rise by resistance during standard commercial tests in accordance with 
TEEE Std C57.12.90-1999. Two methods have been proposed, the “multiflow method,’ and the “IEC 
method.” The “multiflow” method was based on considerations of oil flow within the winding. The “IEC 
method” is based on a consideration for the higher eddy losses at the top of the winding. 


C.2 Multiflow method 


The multiflow method to determine hottest-spot rise was first proposed by Carruthers and Norris [B81]. 
They proposed that the hottest-spot rise could be determined from the following equations: 


For ON cooling 

AO, = 1.1A0,-1.1A0,,,,, + AO,, (C.1) 
For OF and OD cooling 

AO, = 1.1A0,+0.9A0,,,,, -AO,, (C.2) 
where 

AO, is temperature rise of a winding by resistance 


AO nwo iS average temperature rise of oil inside winding ducts 


AO is top oil temperature rise 


to 
Ap, is bottom oil temperature rise 

It was assumed and proposed that the average oil rise inside the winding ducts could be obtained from the 

asymptotic value of the winding cooling curve. Others have proposed that it could be obtained directly by 


inserting probes into the winding ducts. 


Direct measurement data using fiber optic detectors presented by Lampe [B86] and Lampe [B84] showed 
considerable deviation from values calculated using the multiflow method. 


C.3 IEC method 


Equations for estimating the hottest-spot temperature rise at steady state for loads above rating were given in 
the IEC Loading Guide 354 [B93]. Although these are only estimating equations, they are commonly called 
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“The IEC method” in the United States. It does not appear in the IEC performance standard IEC 60076-2 
(1993-04) [B92] as an approved method or requirement to calculate winding hottest-spot temperature rise. It 
is however discussed in a subclause of an informative Annex B_ whose title is “Transient 
loading — mathematical model and testing.” In IEEE Std C57.12.00-2000, it is required that the hottest-spot 
rise not exceed 80 °C. There is no requirement in IEC 60076-1 (1993-03) [B91] or IEC 60076-2 (1993-04) 
[B92] to meet a specified hottest-spot temperature rise. Since there is no IEC performance requirement for 
hottest-spot temperature rise, the purpose of the information in Annex B of IEC 60076-2 (1993-04) [B92] 
and IEC 60354 (1991-10) [B93] is to provide information for user calculations of loading capability. Users 
of transformers manufactured to IEEE Std C57.12.00-2000, could use 80 °C for the rated hottest-spot rise in 
their loading calculations. It is a misconception that the so-called “IEC method” is an approved IEC method 
to determine the hottest-spot rise for the purposes of complying with performance requirements. 


For natural flow, the IEC equation is based on multiplying the difference in average winding rise and average 
oil rise by an H-factor and then adding it to the top oil rise. For forced oil transformers, it is based on multi- 
plying the difference in average winding rise and average oil rise in the winding by an H-factor and then 
adding it to the bottom oil rise and the oil rise at the top of the winding ducts. The oil rise in the winding duct 
is determined from the asymptotic value of the winding cooling curve. The H-factor is to allow for the higher 
eddy loss at the end of the winding. 


To prepare typical loading tables, the 1991 edition of IEC 60354 (1991-10) [B93] assumed a factor of 1.1 for 
distribution transformers and 1.3 for power transformers. Annex B of IEC 60076-2 (1993-04) [B92] states, 
“In large transformers there is considerable variation depending on design, and the manufacturer should be 
consulted for information, unless actual measurements are carried out...” 


A 1995 CIGRE Electra article [B89] giving experimental results using fiber optic data showed that the hot 
spot factor ranged from 0.51 to 2.06. Values less than 1.0 are an obvious error. Although the mean value for 
power transformers was close to 1.3 the conclusion was that the factor cannot be represented by a single con- 
stant. The conclusions stated 


“A utility with no overload specification that wants to use the loadability of its new transformers therefore 
has two choices: 


— Measure the hot spot directly and, in the case of similar transformers, devise a thermal model of the 
hot-spot according to the design. 


— Use the manufacturer’s calculated value deduced from knowledge of his design.” 


A companion 1995 CIGRE Electra article [B90] described attempts to determine analytically the H-factor 
based on electromagnetic concepts. The study group concluded that it was not reasonable to recommend any 
formula for the H-factor. 


Calculations of the H-factor for distribution transformers given in Pierce and Holifield [B63] showed a range 
from 1.018 to 1.741 for ratings from 15 kVA single phase through 2500 kVA three phase. 


C.4 Summary 


The two methods described in this Annex gave variations between test and calculation by using a single 
value of the constants in the equations. The multiflow method considered the variable of variation of oil tem- 
perature and the IEC concept was based on considerations of eddy loss variation and oil temperature at the 
top of the winding. Equation (1), Equation (2), and Equation (3) of this guide with a variable H-factor were 
proposed as a suitable method. This should be acceptable if the H-factor for a specific design is based on the 
manufacturer’s experience from analysis and tests on past designs. 
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